Abstract: A second-order bandpass filter (BPF) with continuously variable centre frequency tuning is presented in this article. Evanescent-mode cavity resonators with variable capacitive loadings are used as tuning elements. Tuning is achieved by means of micro-electromechanical-systems (MEMS)-actuated highly conductive rigid fingers that feature an out-of-plane deflection. For an applied DC bias voltage between 0 and 27.3 V the centre frequency of the BPF is tuned from 67.4 to 63.2 GHz (4.2 GHz). For this frequency band, the fractional bandwidth (FBW) varies between 8.3 and 3.4% and the in-band insertion loss between 1.45 and 5 dB.
Introduction
There has been an increasing demand for wireless communication systems with broadband and high data-rate ( > 2 Gb/s) transmission characteristics to accommodate applications such as gigabit Ethernet and high-speed internet, automotive and radar sensing, real-time video streaming and high-definition television. The recently released unlicensed 60 GHz-frequency zone of V-band (50-75 GHz) is well suited for these applications because of the advantages of wide bandwidth, increased spatial resolution, compact integration and reduced interference that is enabled by the high attenuation of oxygen at those frequencies. V-band bandpass filters (BPFs) are fundamental components of the RF-front-end systems of the applications mentioned above. They can be utilised for pre-selection of the desired frequency band and rejection of the undesired interference and noise [1] . It has been reported elsewhere that BPFs with reconfigurable characteristics may enable transceiver modules with multi-frequency and multi-standard operation [2] . In addition, they may result in reduced cost and volume transceivers (compared with traditional implementation concepts that utilise filter banks). Thus, it is highly desirable to explore reconfigurable filter concepts for V-band applications.
V-band BPFs presented in the literature are primarily based on planar transmission line resonators (coplanar waveguide, microstrip) and show static operational characteristics [3] [4] [5] [6] [7] [8] [9] [10] . They are mainly fabricated by complementary metal-oxide-semiconductor (CMOS) processes and feature an in-band insertion loss between 2 and 9 dB for fractional bandwidths (FBWs) between 10 and 30% [3] [4] [5] . Alternative integration concepts relate to low temperature co-fired ceramic (LTCC) substrates [9] , silicon micromachining [10] liquid crystal polymer (LCP) substrates [7] and integrated passives technology (IPD) [8] . To the best of the authors' knowledge the number of existing tuneable V-band BPFs is relatively limited because of technological advances that are required for the co-integration of low loss tuneable elements such as RF-MEMS [1] . The first frequency reconfigurable V-band BPF was demonstrated in the open literature by Kim et al. in [11] . It was based on eight tuneable MEMS capacitors fabricated on a quartz substrate and showed a frequency tuning range of 10% (59-65.5 GHz) with an insertion loss between 3.1 and 3.5 dB. In a subsequent publication [2] , Park et al. presented a broadband (60%) BPF operating up to the lower edge of V-band with two discrete tuning states (20 GHz and 55 GHz) obtained by four multiple-contact MEMS switches and coplanar waveguide (CPW)-transmission lines. Later on,Lucyszyn et al. [12] introduced a silicon micromachined inverted-microstrip BPF based on MEMS actuated cantilevers. The authors successfully demonstrated a tuneable resonator with limited tuning range (60.8-60.92) and Q u (85-100). However, the obtained filter response was static and showed an insertion loss of about 3 dB at 59. 7 GHz. An alternative tuning concept based on benzocyclobutene (BCB) flexible polymer substrates integrated on top of microstrip transmission line resonators was proposed by Seok et al. [13] . The authors showed a pass-band response between 63.34 and 64.9 GHz with an insertion loss between 9.4 and 9.7 dB obtained by static measurements on multiple filters having BCB cap membranes on predefined heights (non-tuneable).
Evanescent-mode cavity resonators and filters have attracted considerable attention [14] [15] [16] [17] , because of their advantages towards miniature size, spurious-free response, high quality factor (compared with their half-wave counterparts) and high-power handling capabilities (compared with planar transmission lines). Hence, it can be envisioned that their co-integration with MEMS tuneable components may pave the way to outperforming reconfigurable devices for high-frequency applications. Topologies presented in the open literature utilise RF-MEMS as tuning elements, show relatively high tuning ranges (1.4:1 in [14] 1.55:1 in [16] and high unloaded quality factors (354-400 in [14] and 470-645 in [16] ) but their operation is limited to frequencies up to 6 GHz. In [17] , Arif et al. demonstrated a MEMS-actuated evanescent-mode cavity resonator with excellent RF performance (tuning range 4:1and Q of 300-1000) but only for frequencies up to 24 GHz.
In this paper, the authors demonstrate for the first time the implementation and experimental validation of a high-frequency ( > 60 GHz) evanescent-mode resonator BPF with continuously variable centre frequency. The proposed concept is based on capacitively loaded resonators tuned by MEMS-actuated highly conductive rigid fingers that feature an out-of-plane deflection. An applied DC bias voltage between 0 and 27.3 V results in a centre frequency tuning from 67.4 to 63.2 GHz. For this frequency band the measured FBW varies between 8.3 and 3.4% and the in-band insertion loss is measured between 1.45 and 5 dB.
The organisation of this paper is as follows: In Section 2 the fundamental concept and the filter design are presented. In Section 3, the measured RF performance of a manufactured prototype is discussed.
Tuneable Bandpass Filter

Tuning concept
A 2nd-order BPF can be realised by two series cascaded resonators and appropriate external (Q e1 = Q e2 ) and interresonator (K 12 ) coupling coefficients which are mainly defined by the desired frequency response (e.g. Butterworth, Chebyshev, etc.) and FBW. The centre frequency of a BPF can be then reconfigured by synchronously tuning the centre frequency of each resonator (1 and 2 in Fig. 1) .
A realisation concept for a tuneable BPF using evanescent-mode cavity resonators is illustrated in Fig. 1 . It consists of an evanescent-mode waveguide section (L) which comprises of five protruding studs, four notches and two highly-conductive rigid fingers. Each resonator is realised by a capacitive post (1, 2) located in the middle of an evanescent-mode rectangular cavity. The inter-resonator coupling coefficient (K 12 ) is mainly capacitive and created by the long stud (w p , h m, L s ) located in-between resonators 1 and 2 and the resonator separation (2L m + 2L s ). The external coupling coefficient is obtained by the edge-post (w p , h e , L s ) in the waveguide-cavity and the distance between the resonator and the RF-input/output (1.5L s + L e ). The centre frequency of each resonator can be effectively tuned by varying the capacitive gap g r . This is achieved with the aid of two highly conductive rigid fingers that are integrated inside the waveguide bottom wall, Fig. 1 . Their deflection (α) towards the resonator capacitive posts results in a variable capacitive loading, which in turn results in a decrease of the centre frequency of the bandpass.
Waveguide filter design
For a second-order Butterworth BPF with 8% FBW, the coupling coefficients are calculated using the Butterworth second-order low-pass prototype in [18] (Q ext1 = Q ext2 = 17.675, K 12 = 0.057). Full-wave simulations are performed with the aid of a finite element software ANSYS HFSS in order to define the resonator size and to correlate the www.ietdl.org required coupling coefficients (Q ext and K 12 ) to the corresponding filter dimensions (as specified in Section 2.2) by using the filter synthesis method described in [18, 19] . Fig. 2 illustrates the relationship between each coupling coefficient and alternative geometrical parameters of the filter. For the initial filter design, the MEMS tuner is replaced by a solid conductive wall and initial dimensions for the coupling sections are obtained from Fig. 2 . The optimised dimensions for a typical Butterworth BPF response (8% FBW) centred at frequency about 68 GHz are shown in Fig. 1 . For brass, assumed as a material, the insertion loss of the filter is calculated about 0.5 dB, Fig. 3a The numerical model that is utilised for the electromagnetic analysis of a practical implementation concept of the proposed filter is depicted in Fig. 4 . It consists of the evanescent-mode waveguide filter, the MEMS tuner and two waveguide transitions. Each transition comprises of a quarter-wavelength transformer that allows the connection of the filter that has a rectangular cross section of 1.1 mm × 2.5 mm to a standard WR15 waveguide. The transition was optimised for frequencies between 61 and 75 GHz with an input reflection below − 15 dB and insertion loss lower than 0.22 dB for brass assumed as a material.
In order to better evaluate the expected performance of the tuneable BPF the following material parameters need to be considered for the filter modelling. The waveguide upper and bottom part are modelled as metals with conductivity σ: 1.5 × 10 7 S/m (typical conductivity of brass). The MEMS tuner geometry [20, 21] is represented by a 4-layer geometry (a top metallisation layer and three silicon layers) with the following characteristics; device layer: ɛ r : 11.7, ρ: 0.0063 Ω·cm, thickness: 80 µm, stator layer: ɛ r : 11.7, ρ: 0.008 Ω·cm, thickness: 180 µm, handle layer: ɛ r : 11.3, ρ: 9.1 Ω·cm, thickness: 400 µm. The MEMS top metallisation layer is modelled as a metal sheet with finite thickness about 500 nm and conductivity σ: 4.1 × 10 7 S/m (typical conductivity of gold). A solve-inside mesh option needs to be selected so as to account for the conductive losses because of the skin depth effect. The SU8-spring is represented as a dielectric material with ɛ r : 4. On the other hand, it results in increased insertion loss (1.6 dB instead of 0.5 dB that was calculated for the filter with a solid metal wall), Fig. 3a . This can be attributed to increased conductive losses because of the interaction of the surface currents with the MEMS tuner geometry which is made out of poor conductive materials. (thin Au metallisation layer and low resistivity silicon). In addition, all slots around the MEMS fingers and in particular the ones perpendicular to the surface current direction act as discontinuities and contribute to the loss.
Simulation allows for the evaluation of the loss because of the MEMS tuner for different deflection states; and was calculated between 1.14 (for α = 0°) and 2.15 dB (for α = 8.5°), Fig. 5e . It can be observed that insertion loss grows towards higher deflections because of increased current densities that appear for smaller capacitive gaps g r and result in excessive conductive loss. Furthermore, the current leakage to the MEMS substrate becomes larger for higher deflections because of the open air cavity inside the stator substrate ( Fig. 4b and c) that increases with deflection and acts as discontinuity enabling part of the RF signal to leak in the stator and handle layer. The loss contribution because of the MEMS tuner can be improved if silicon with very low resistivity is utilised as structural material for the MEMS tuner. An example of a MEMS tuner consisting of three layers of Si with ρ: 0.0025 Ω·cm and 500 nm-thick Au top metallisation is shown in Fig. 5e to improve the loss arising from the tuner for all tuning states (e.g. from 1.14 to 0.24 dB for α = 0°and from 2.15 to 1 dB for α = 8.5°). Fig. 6 illustrates the manufactured prototype that was built and measured for the experimental validation of the proposed filter concept. It is based on a split-block approach and consists of three metal parts (upper part, bottom part and waveguide) and a MEMS tuner that comprises of two antiparalleloriented highly conductive rigid fingers. For the fabrication of the waveguide metal parts high-precision milling was utilised. The MEMS tuner fabrication was performed with a bulk-silicon micromachining process [22] .
Measurements and discussion
RF-measurements
The BPF RF performance was characterised with an Agilent 8510 network analyser. Calibration planes were defined at the waveguide flanges, thus the loss because of the waveguide transitions is included in all measurements. The BPF was first measured without a MEMS tuner so as to evaluate the accuracy of the waveguide fabrication Later on, the MEMS tuner was integrated inside the waveguide bottom wall, Fig. 6 . A 5-mil-thick dielectric substrate with Cu-metal printed lines on top of it was utilised for the DC biasing of the MEMS tuner, Fig. 6a . In such a way the DC biasing lines are out of the RF-signal path and do not contribute to the RF loss. The MEMS tuner was first glued on the substrate and wire bonded to the external DC biasing lines. The substrate was then mounted in the waveguide bottom wall and centred via optical alignment. The waveguide parts were coated with a very thin layer ( <200 nm) of Au in order to facilitate the MEMS-chip and DC-bias circuitry mounting. Fig. 3b illustrates a comparison between the measured performance of a BPF with a solid brass bottom wall and a BPF with the MEMS tuner integrated inside the waveguide bottom wall. The effect of the MEMS tuner integration on the centre frequency (from 67.5 to 67.33 GHz) and FBW (from 8.1 to 8.3%) is negligible; whereas it considerably affects the in-band insertion loss (from 0.58 to 1.45 dB).
The measured reconfigurable performance of the BPF is presented in Fig. 5c A comparison between measured and simulated performance in terms of insertion loss, FBW and centre frequency is shown in Fig. 7 . Aside from a small discrepancy in the insertion loss at the lower edge of the frequency band (e.g. ∼ 1 dB loss excess at 63.8 GHz, if both performances are compared for the same centre frequencies); the measured RF performance is in a good agreement with the one obtained by finite element simulations. The measured centre frequency of the bandpass is slightly shifted to lower frequencies and the tuning range (4.2 GHz instead of 4 GHz) is slightly increased. These minor differences could be attributed to the dimensional tolerances of the waveguide metal parts ( ∼ ± 20 µm), discontinuities on the waveguide bottom wall because of the MEMS tuner integration (small gaps around 40 µm were measured between the MEMS element and the metal body), the assembly error and the material properties approximation used in simulation. Part of the reason of the excess of IL might be the leakage through the waveguide bottom wall since the assembly screws were not tightened enough to avoid breaking the MEMS tuner.
Long-term stability measurements
In order to examine the long-term behaviour of the BPF, its response was measured under constantly applied DC biasing voltages. The scattering parameters were recorded at various time steps starting from 10 to 1 h of operation. Two examples of two biasing states of 15 V and 25 V are shown in Fig. 8 . It can be observed that the centre frequency of the bandpass moves towards lower frequencies with increasing time. In addition, the FBW reduces whereas insertion loss increases. Measured parameters follow an exponential curve that qualitatively agrees with the viscoelastic/creep characteristics demonstrated in [16, [23] [24] [25] [26] . For example, with 25 V bias voltage, the frequency drift is − 0.4% at the end of 420 sec and increases to − 0.8% at the end of 2700 sec. In 1 h, the total drift is less than − 0.83%. Overall the BPF exhibits a small frequency drift and FBW drift. In particular for the 15 V state and after 1 h of operation; the centre frequency changes from 66.99 to 66.92 GHz ( − 0.13%), the FBW from 7.82 to 7.75% (−0.9%) and the IL from 1.59 to 1.61 dB. For the 25 V state; the frequency drifts from 64.69 to 64.31 GHz ( − 0.83%) and the FBW from 5.07 to 4.57% ( − 9.86%). The drift appears to be higher for higher biasing levels because of the fact that the finger tips are closer to the resonator capacitive post (smaller capacitive gaps g r ) and are more sensitive to potential deflection variations. The deflection variation was characterised in a similar way (constantly applied bias voltage for 1 h) with the aid of a WLI and was found around 8.5% (from 2.7 to 2.93°) for the low biasing state and 6.3% (from 7.04 to 7.48°) for the high biasing state. It can be attributed to the viscoelastic nature of the polymer spring that results in creep when constant load is applied over time [23] .
Comparison with the state-of-the-art
To the best of the authors' knowledge; the number of existing tuneable V-band BPFs is relatively limited because of the technological advances that the existing fabrication technologies would require so as to allow co-integration of tuning elements. A comparison between the proposed filter and alternative V-band tuneable BPFs reported in the literature is shown in Table 1 . Illustrated topologies [2, [11] [12] [13] utilise implementation concepts that are based on planar transmission lines and MEMS capacitive membranes as tuning elements (MEMS cantilevers in [13] ) and show low to moderate quality factors .
In this work, an implementation concept of a frequency reconfigurable BPF based on evanescent-mode waveguide resonators tuned by two highly conductive rigid fingers is reported for the first time. The proposed filter outperforms the one presented in [2] in terms of number of tuning elements (one instead of four), reconfigurable tuning states (analogue operation instead of two discrete states) and quality factor (68-108 instead of 24) whereas it occupies a large volume. The filters presented in [12, 13] exhibit higher dissipated power and require larger number of tuning elements (three and eight instead of one) than the filter shown in this study. In addition, although they have been initially-designed to be tuneable their reconfigurable operation has not yet been confirmed experimentally. Lastly, the tuning range and insertion loss of the proposed BPF are comparable with the ones of the analogue tuneable filter shown in [11] . However, the filter shown in this study requires fewer number of tuning elements (one instead of eight in [11] ) and features a larger quality factor (68-108 instead of 25-30 in [11] ). Finite element simulations showed that the average loss contribution because of the MEMS tuner can be improved by almost 1 dB if highly doped Si is utilised (ρ: 0.0025 Ω·cm) and shows a potential in the realisation of a low loss tuneable BPF for V-band applications. A further improvement in terms of the overall filter loss is also expected if thick (5 × skin depth) metallisation coating (Au/Cu) is applied on the waveguide metal parts.
Conclusions
A MEMS-enabled BPF with continuously variable centre frequency is presented in this paper in terms of design and RF characterisation. The proposed concept is based on evanescent-mode capacitively loaded waveguide resonators tuned by MEMS actuated highly conductive rigid fingers directly integrated in the waveguide bottom wall. MEMS fingers deflections between 0.3 and 8.3°result in a centre frequency tuning between 67.4 and 63.2 GHz (4.2 GHz). For this frequency band the measured FBW varies between 8.3 and 3.4% and the in-band insertion loss is between 1.45 and 5 dB. An experimental study on the long term behaviour of the BPF response under constantly applied DC bias voltage for 1 h of operation was performed and showed a small centre frequency drift ( < − 0.83%) and FBW drift (< − 9.86%).
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